Introduction
============

During early development of vertebrate embryos, signaling molecules play essential roles in axis determination and germ layer induction and patterning. Members of the transforming growth factor-β (TGF-β) superfamily are among the major players in those developmental processes. The *Nodal* gene was first identified as a novel TGF-β gene expressing in mouse node during gastrulation, and its interruption causes missing of the primitive streak and mesodermal derivatives with excess ectoderm ([@B1]--[@B3]). In zebrafish, two *nodal* genes, *squint* (*sqt*) and *cyclops* (*cyc*), are expressed in blastulas, and *cyc;sqt* double mutant embryos lack endodermal and mesodermal tissues, also suggesting an essential role of Nodal ligands in zebrafish mesendoderm induction ([@B4], [@B5]). In amphibians, Nodal signals form a gradient across the future dorsoventral axis with the highest concentration on the dorsal-most region, which leads to different cell fates along the axis ([@B6]). Moreover, Nodal signals are required for the establishment of the left-right axis in various vertebrate species ([@B7], [@B8]). Bone morphogenetic proteins, constituting a subfamily of the TGF-β superfamily, mainly act as ventral players because they induce epidermis from the ventral ectoderm and specify ventral mesodermal and endodermal fates ([@B9]--[@B11]).

Nodal/TGF-β signal transduction leads to the activation of the downstream effectors Smad2 and Smad3 through serine phosphorylation at their C terminus ([@B12], [@B13]). The activated Smad2 or Smad3 forms heteromeric complexes with Smad4 in the cytoplasm and translocates into the nucleus where they bind to the promoters/enhancers and regulate the expression of target genes ([@B12]). Like nodal null mutant mouse embryos, Smad2 knock-out embryos fail to undergo gastrulation and lack mesoderm ([@B14], [@B15]); however, Smad3 null embryos develop normally ([@B16], [@B17]). In zebrafish, all of three *smad2/3* genes, *smad2*, *smad3a,* and *smad3b*, are ubiquitously expressed during early embryogenesis ([@B18]); depletion of Smad2/3 activities by overexpression of dominant negative *smad2/3* mutants also leads to mesendodermal defects as well as additional defects in neural induction and patterning ([@B19], [@B20]). It is likely that Nodal signals exert their effects in mesendoderm induction and patterning mainly through Smad2/3.

Given that Nodal/Smad2 signaling is essential for early embryogenesis in vertebrates, efforts have been made to identify Nodal-regulated genes. It has been found in zebrafish that *sqt* overexpression caused alteration of transcription levels of 376 genes at the 30% epiboly stage, and 2045 genes showed altered transcription levels in the Nodal signal-deficient *MZoep* (maternal-zygotic oep) mutants at a similar stage ([@B21]). Another assay in zebrafish identified 72 Nodal-regulated genes that are expressed in blastodermal margins at the shield stage ([@B22]). However, few Nodal-regulated genes have proved to be direct targets of Smad2/3.

Chromatin immunoprecipitation (ChIP) combined with microarray-based analysis (ChIP-chip) has been successfully used to identify on a large scale direct targets of a known DNA-binding protein and to search for its novel cofactors during embryogenesis ([@B23]--[@B27]). In this study, we performed the ChIP-chip analysis using an anti-Smad2 antibody in zebrafish embryos to find Smad2 direct targets and its important cofactors during embryonic induction and patterning. We identified a total of 556 Smad2-bound regions (SBRs)[^4^](#FN4){ref-type="fn"} in the genome of early gastrulas, which were allocated to the promoters of 679 genes. The identified Smad2 target genes in early gastrulas are enriched in transcription factors, signaling molecules, and developmental regulators. The SBRs of the Smad2 target genes scatter in the promoter and enhancer regions. In many cases, the Smad2/4-binding motif (CAG(A/C)C) within the SBRs clusters with the DNA-binding sites of other transcription factors, including previously known and unknown factors. We demonstrate for the first time that Oct1 and Gata6 can physically associate with and regulate the activity of Smad2 during mesendoderm induction of zebrafish embryos. Our results collectively indicate that Nodal/Smad2 signaling exerts its developmental functions through initiating a cascade of regulatory events by controlling the expression of transcription factors, signaling molecules, and developmental regulators and reveal novel regulatory mechanisms of Smad2/4-induced transcription.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Fish Embryos

The Tuebingen line of zebrafish was used. Embryos were collected from natural matings, raised in Holtfreter\'s solution at 28.5 °C, and staged by morphology as described previously ([@B28]).

#### Antibodies and Chromatin Immunoprecipitation Assays

For immunoblotting, we used affinity-purified anti-Smad2/3 (3102, Cell Signaling Technology), anti-Smad3 (9523, Cell Signaling Technology), anti-FLAG (F3165, Sigma) and anti-Myc (R950--25, Invitrogen) antibodies. Anti-Smad2/3 and anti-β-catenin (M24002, Abmart) antibodies were used in ChIP assays.

For each immunoprecipitation, ∼1500 embryos at the 50% epiboly stage were enzymatically dechorionated and then fixed for 10 min in 1.85% formaldehyde at room temperature. ChIP-chip experiments were performed as described previously ([@B29]) with modifications. Additional details for the ChIP-chip experiments can be provided on request.

#### Promoter Chip Assay

The zebrafish promoter genome ChIP-on-chip microarray set (Agilent Technologies) was used, and promoter chip assays were performed by Shanghai Biochip Co., Ltd. This oligonucleotide-based promoter array set covers 9 kb upstream and 3 kb downstream of the transcription start sites (TSSs) of 11,512 zebrafish genes (based on Zv6). Purified DNA from immunoprecipitation was blunted and ligated to a universal linker and amplified by PCR. The enriched DNA was labeled with Cy5, and DNA eluted from control samples was labeled with Cy3. The labeled DNAs were combined and hybridized to the promoter array sets according to the manufacturer\'s instruction.

#### Data Normalization, Analysis, and Identification of Bound Regions

The two-channel raw data of ChIP-chip were normalized with intensity-dependent Loess method ([@B30]). The probes were re-mapped to the Zv7 genome, and only unique-mapped ones were retained, which finally represented promoter regions of 10,117 zebrafish genes. Those probes with signal intensity of less than 300 were excluded to decrease the false-positives.

The neighborhood model was used to identify the Smad2-bound regions (peaks). A region was considered to be a peak if more than two adjacent probes were significantly enriched (*p* \< 0.05), and the distance between them was less than 1000 bp ([@B29]).

#### Gene Ontology (GO) Analysis

GO terms were extracted from Gene Ontology data base ([@B31]), and terms of the 5th layer were analyzed statistically. Terms that met some criterion were regarded as the enriched ones.

#### Motif Analysis

We expanded 500 bp upstream and downstream from the peak central position, respectively, and we scanned these sequences for the consensus Smad2/4-binding motif (CAG(A/C)C) ([@B32], [@B33]). The 1000-bp sequences upstream of TSS of zebrafish Refseq mRNA were chosen as the control set. To determine whether this motif is significantly enriched in foreground *versus* background, Z-score and *p* values were calculated as described previously ([@B34], [@B35]). Z-score was calculated as shown in [Equation 1](#FD1){ref-type="disp-formula"}, where *x* is the total length (bp) of observed sites in the expanded peaks; *B* is the total length of the sites in control set; *n* is the total length in expanded peaks; and *N* is the total length of the control set.

The *p* value was calculated according to the binominal distribution shown in [Equation 2](#FD2){ref-type="disp-formula"}, where *x* is the observed number of sequences that contains this motif in the foreground set; *p* is the proportion of sequences containing a motif in the background set; and *n* is the peak number in the foreground set. We empirically chose *Z* ≥10 and *p* \< 0.01 as the criterion of significantly enriched motifs ([@B34], [@B35]).

Peaks containing the Smad2/4-binding motif (CAG(A/C)C) were selected, and each expanded 100 bp upstream and downstream of the Smad-binding motifs. The combined 200-bp sequences were considered as the foreground set. 200-bp sequences upstream of 5′ end of all zebrafish Refseq mRNAs were retrieved as our control set (background). Vertebrate position weight matrices from TRANSFAC ([@B36]) and JASPAR ([@B37]) databases were scanned on both sets (FoxH1-binding site was added manually as described previously ([@B38])). To determine whether a motif is significantly enriched in foreground *versus* background, *Z*-score and *p* value were also calculated. We empirically chose *Z* ≥10 and *p* \< 0.01 as the criterion of significantly enriched motifs ([@B34], [@B35]). We also investigated the emergence frequency of significantly enriched motifs in the 200-bp peaks containing the Smad2/4-binding motif. The percentage was calculated by [Equation 3](#FD3){ref-type="disp-formula"}, where *n* is the number of peaks containing a motif, and *N* is the total number of peaks containing the Smad2/4 motif.

#### Site-specific PCR Analysis

To confirm the enrichment of selected Smad2 target sites, a subset of primers (see [supplemental "Experimental Procedures"](http://www.jbc.org/cgi/content/full/M111.236307/DC1) for details) corresponding to the predicted binding sites was designed to amplify a 200--300-bp region around the peak probes. Using chromatin immunoprecipitation with no antibody as a control, immuno-enriched DNA was amplified, and the products were visualized on a 1.5% agarose gel.

#### Gene Expression Profiling

Total RNA was extracted from 50% epiboly zebrafish embryos using TRIzol reagent (Invitrogen). The microarray was performed on the Agilent zebrafish (V2) gene expression microarray by Shanghai Biochip Co., Ltd. The microarray data were normalized across all arrays using quantile normalization ([@B39]). Duplicates were averaged, and up-regulated or down-regulated genes were determined by the signal log ratio.

#### RNA Synthesis, Morpholinos, Microinjection, and Whole Mount in Situ Hybridization

The *lefty1*, *sqt*, constitutively active *smad2* (*casmad2*), and dominant negative *smad2* (*dnsmad2*) mRNAs were synthesized *in vitro* from corresponding linearized plasmids using the mMessage mMachine kit (Ambion). Digoxigenin-UTP-labeled antisense RNA probes were transcribed *in vitro* using Megascript kit (Ambion) according to the manufacturer\'s instructions. Gene Tools synthesizing *smad2*, *smad3a*, and *smad3b* morpholino oligonucleotides were designed as reported previously ([@B19]). Microinjection and whole mount *in situ* hybridization were performed as before ([@B19], [@B20]).

#### Generation of Efnb2b-GFP Constructs

The pGL3-Basic vector was modified by replacing the firefly luciferase open reading frame with the enhanced GFP sequence from pEGFP-N1 vector. The promoter of *efnb2b* was amplified from zebrafish genomic DNA using the specific upper primer (5′-CGACGCTAGCAGAGTGAAAAAGAGCC-3′) and lower primer (5′-GTCAGTTTTAGTCGACAAGCGAACAC-3′) and was inserted into the NheI and XhoI sites of the modified pGL3-Basic vector to generate the efnb2b-GFP construct. The efnb2b(mut)-GFP construct was generated by mutating the tandem Smad2/4-binding motifs in the *efnb2b* promoter using a modified lower primer (5′-CACTTTCATCGT[T]{.ul}TGGT[T]{.ul}TGCGAAATC-3′, mutated bases are underlined) was used. All of the sequences were confirmed by DNA sequencing. The efnb2b-GFP or efnb2b(mut)-GFP plasmid DNA was injected into the cytoplasm of one-cell embryos.

#### Electrophoretic Mobility Shift Assay

The 45-bp oligonucleotide (5′-GTTTTGACCAATACACAATTGATTTCGCAGACCAGACGATGAAAG-3′), which was derived from the *efnb2b* promoter region, and its complementary oligonucleotides were synthesized and annealed to form a double-stranded oligonucleotide. Its mutant form with base substitutions (5′-GTTTTGACCAATACACAATTGATTTCGCA[A]{.ul}ACCA[A]{.ul}ACGATGAAAG-3′, the two substituted bases are underlined) was similarly prepared. The oligonucleotides were labeled with \[γ-^32^P\]ATP using T4 polynucleotide kinase (Fermentas). The wild-type and *sqt* mRNA-injected embryos were harvested at the 50% epiboly stage, and embryonic extracts were prepared in TNE buffer (10 m[m]{.smallcaps} Tris-HCl, pH 7.5, 150 m[m]{.smallcaps} NaCl, 2 m[m]{.smallcaps} EDTA, and 0.5% Nonidet P-40), 3 μl per embryo, and were spun to remove membrane debris and yolk lipids. 2 μl of embryonic extracts and 10 ng of radiolabeled probe were incubated at 4 °C for 30 min in a 10-μl reaction volume. The reaction buffer contains 5% glycerol, 20 m[m]{.smallcaps} Na-HEPES, pH 7.9, 100 m[m]{.smallcaps} KCl, 2 m[m]{.smallcaps} EDTA, 2 m[m]{.smallcaps} DTT, 4 m[m]{.smallcaps} Tris-HCl, pH 7.9, and 0.1 mg/ml poly(dI-dC) to reduce nonspecific binding. For supershift experiments, 1 μl of anti-Smad2/3 antibody was added to the binding mixture and incubated at 4 °C for another 30 min. The mixtures were resolved in 6% nondenaturing polyacrylamide gel containing 2.5% glycerol in 0.5× TBE buffer. Electrophoretic mobility shift assay using purified full-length GST fusion Smad4 protein was performed as before ([@B40]).

#### GST Pulldown

GST-Smad2 or GST plasmid along with FLAG-Oct1 or FLAG-Gata6 expression plasmids were transfected into HEK293T cells using the cationic polymer polyethyleneimine and harvested after 48 h. Whole cell lysates were prepared using TNE lysis buffer (10 m[m]{.smallcaps} Tris-HCl, pH 7.5, 150 m[m]{.smallcaps} NaCl, 2 m[m]{.smallcaps} EDTA, and 0.5% Nonidet P-40) containing a protease inhibitor mixture. The lysates were incubated with glutathione-Sepharose beads at 4 °C for 4 h. The beads were washed four times with TNE buffer. The bound proteins were separated by SDS-PAGE and visualized by Western blotting.

#### DNA Oligonucleotide Precipitation

Biotinylated double-stranded oligonucleotides were synthesized by Sangon (Shanghai, China). The oligonucleotide sequences were as follows: *arl4l*-oligo-WT, 5′-GTGTTGTA[CAGAC]{.ul}TACGCTTC-3′; *arl4l*-oligo-MT, 5′-GTGTTGTACA**A**ACTACGCTTC-3′; *lefty1*-oligo-WT, 5′-TTGAATAG[GTCTG]{.ul}TCTTTCGT-3′; *lefty1*-oligo-WT, 5′-TTGAATAGGT**T**TGTCTTTCGT-3′, where the Smad2/4-binding motifs are underlined and the mutated bases are in boldface type. HEK293 cells transfected with indicated expression plasmids were cultured for 48 h and then treated with TGF-β1 (5 ng/ml) for another 2 h before harvest. DNA oligonucleotide precipitation was carried out as described previously ([@B41]). DNA-bound proteins were then subjected to SDS-PAGE and visualized by Western blotting.

#### Luciferase Reporter Assay

HaCaT cells were cultured in 24-well plates and transfected with the indicated constructs and the internal control pRenilla-TK vector. The transfected cells were serum-starved for 8 h before addition of TGF-β1 (5 ng/ml). The luciferase activity was quantified about 16 h later using the Dual-Luciferase Assay (Promega). Each experiment was performed in triplicate, and the data represent the means ± S.D. of three independent experiments after normalization to *Renilla* activity.

RESULTS
=======

### 

#### Genome-wide Screening by ChIP-chip Uncovers 679 Smad2 Target Genes in Zebrafish Early Gastrulas

To better understand the role of the Nodal signal in the early zebrafish gastrulas, we performed the ChIP-chip assay to identify direct target genes of the Nodal effectors Smad2 and Smad3. We first tested the affinity and specificity of the Smad2/3 and Smad3 antibodies, purchased from Cell Signaling Technology, by Western blot. As shown in [Fig. 1](#F1){ref-type="fig"}*A*, the Smad2/3 antibody was able to detect Myc-tagged fish Smad2, Smad3a, and Smad3b, which were overexpressed in mammalian HEK293T cells, as well as endogenous Smad2 in 50% epiboly zebrafish embryos; in contrast, the Smad3 antibody detected Myc-Smad3a overexpressed in HEK293T cells but not the corresponding endogenous protein. Furthermore, the Smad2/3 antibody-recognized band was dramatically reduced in the embryo extract following knockdown of *smad2* with a specific morpholino ([Fig. 1](#F1){ref-type="fig"}*B*), which was unaltered in *smad3a* or *smad3b* morphants. These results indicate that the Smad2/3 antibody is able to specifically recognize zebrafish endogenous Smad2. In a pilot ChIP-PCR experiment, this Smad2/3 antibody successfully enriched Nodal-responsive sequences of zebrafish *sqt* and *lim1/lhx1a* genes from the chromatin immunoprecipitates (data not shown), two previously characterized Nodal targets ([@B42], [@B43]), demonstrating its suitability for immunoprecipitating zebrafish chromatins.

![**Antibody specificity test and confirmation of Smad2-bound regions in zebrafish gastrulas.** *A* and *B,* affinity and specificity of the Smad2/3 antibody were examined by Western blotting. *A,* total proteins from HEK293T cells transfected with Myc-tagged zebrafish Smad2 (*S2*), Smad3a (*S3a*), and Smad3b (*S3b*) or from zebrafish 50% epiboly stage embryos were immunoblotted with the indicated antibodies. Note that endogenous Smad2 was detected by Smad2/3 antibody only. *B,* endogenous Smad2 in 50% epiboly stage embryos injected with *smad2*, *smad3a*, or *smad3b* (morpholino-oligonucleotides (*MOs*)) was immunoblotted with the Smad2/3 antibody. Injection doses are as follows: *smad2* morpholino-oligonucleotide, 10 ng; *smad3a* morpholino-oligonucleotide, 10 ng; *smad3b* morpholino-oligonucleotide, 10 ng. *C* and *D,* examples of signal distribution on the promoters of two genes. The peaks (Smad2-bound regions) were indicated by an *asterisk*. The transcription start sites were located at position 0. All the 556 identified SBRs to the promoters of 679 genes are shown in [supplemental Table S1](http://www.jbc.org/cgi/content/full/M111.236307/DC1). *E* and *F,* SBRs of 14 previously known Nodal targets (*E*) or of 23 randomly chosen candidate targets (*F*) were validated by conventional ChIP assays with anti-Smad2/3 antibody or no antibody. 1/5× titration of input chromatin DNA was amplified by PCR as a positive control. Negatives were indicated by an *asterisk*.](zbc0371173740001){#F1}

For subsequent chromatin immunoprecipitation, zebrafish embryos at the 50% epiboly stage, at which gastrulation just started, were collected and used for ChIP with the Smad2/3 antibody. The immunoprecipitated DNA fragments were amplified and hybridized against the zebrafish promoter ChIP-on-chip microarray (Agilent Technology), which covers the promoter regions (−9 to 3 kb) representing 10,117 transcripts. As a control, we also carried out chromatin immunoprecipitation in the absence of specific antibodies. The SBRs were identified as peaks with the highest signal (for examples see [Fig. 1](#F1){ref-type="fig"}, *C* and *D*). The genome-wide analysis, based on the seventh assembly of the zebrafish genome, Zv7, mapped a total of 556 identified SBRs to the promoters of 679 genes ([supplemental Table S1](http://www.jbc.org/cgi/content/full/M111.236307/DC1)). We observed high enrichments of the promoter sequences of 14 previously reported Nodal-regulated genes, including *sqt* and *lim1/lhx1a*. Then we tested whether the promoters of these 14 Nodal-regulated genes are actually bound by Smad2 in zebrafish early gastrulas using conventional ChIP/site-specific PCR analysis. As shown in [Fig. 1](#F1){ref-type="fig"}*E*, the promoters of 13 of these 14 genes were confirmed to associate with Smad2 *in vivo*, suggesting an estimated positive rate of 92.8%. To further validate the identified Smad2 target genes, we randomly picked up 23 in alphabetical order from the identified 679 genes, which were not known previously to be Nodal targets, for site-specific PCR analysis after chromatin immunoprecipitation with the Smad2/3 antibody. Results indicated that 17 of them were bound by Smad2 ([Fig. 1](#F1){ref-type="fig"}*F*), giving a positive ratio of 73.9%. Thus, the ChIP-chip approach was efficient and reliable for the genome-wide identification of Smad2 targets in our assay. We conclude that in zebrafish early gastrulas, the promoters of several hundreds of genes have already been occupied by Smad2, and as a result their transcription may be subjected to Smad2 regulation.

#### SBRs Scatter in the Promoter/Enhancer Regions

An interesting question is how the identified SBRs are distributed in the zebrafish genome. For revealing the distribution features, the 5′ end of each mapped transcript was defined as the TSS. We found that the SBRs were moderately enriched in close proximity to the TSS (1 kb around the TSS) and showed fairly even distribution in the other regions ([Fig. 2](#F2){ref-type="fig"}*A*), which are typical of enhancers. It have been reported that Smad proteins usually form complexes with other transcription factors at nearby promoter or enhancer sites and function in an orientation-, position-, and distance-independent manner ([@B44]). Therefore, the enhancer-like distribution of the identified SBRs may reflect genuine locations of Smad2-bound sites in the zebrafish genome at the onset of gastrulation.

![**General distributions of SBRs and identification of Smad2/4-binding motifs.** *A,* distribution of the identified SBRs along the interrogated promoter region. *B--D,* identification of Smad2/4-binding motifs within SBRs of three representative genes. The SBRs are indicated by an *asterisk*.](zbc0371173740002){#F2}

It is believed that Smad2 is not able to directly associate with DNA, but Smad2/4 complexes recognize and bind to the CAG(A/C)C motif via Smad4 ([@B32]). Then we looked into the existence of the consensus Smad2/4-binding motif CAG(A/C)C within the 556 SBRs, and we found that the Smad2/4-binding motif was significantly enriched in the SBRs compared with that in the background (*z* score = 33.9 and *p* \< 10^−9^, which sufficiently exceeded the significance cutoffs). Most (537) of these SBRs, albeit scattering from distant promoter/enhancers to intron regions, contained at least one CAG(A/C)C motif within 500 bp from the peak signal position. For example, the first intron of *sqt* or *lim1/lhx1a* bears an SBR that showed the highest signal peak and contains one or two Smad2/4-binding motifs, respectively ([Fig. 2](#F2){ref-type="fig"}, *B* and *C*). The examination of the SBR with the highest signal peak of a previously unknown Smad2 target gene, *cdx4*, also identified five Smad2/4-binding motifs in tandem ([Fig. 2](#F2){ref-type="fig"}*D*). The results would suggest a lower possibility of off-targeting in our ChIP-chip assay.

#### Smad2 Target Genes Are Mainly Involved in Regulation of Transcription, Signal Transduction, and Development and Responsive to Nodal Deficiency in Zebrafish Embryos

We next asked in what kinds of functions the identified Smad2 target genes in early gastrulas may be involved. To address this question, we examined enrichment of GO in terms of the identified targets. Because the annotations of zebrafish genes are still underway, only 5876 of 10,117 genes represented in the promoter microarray and only 294 of the identified Smad2 target genes have been comprehensively annotated; thus, these 294 genes were used for the GO term analysis. We found that three GO terms were markedly enriched. The first one was the signaling component ontology, which was enriched to 12.9 from 4.5% ([Fig. 3](#F3){ref-type="fig"}*A*). More importantly, most (29/38) of the signaling components that were identified as Smad2 targets fell into Nodal, bone morphogenetic protein, Wnt, FGF, and G-protein signaling pathways, which are known to be active at the onset of gastrulation. The second enriched group was developmental regulators, accounting for 28.6% of the identified Smad2 target genes compared with 9.5% of the annotated genes in the promoter array. Further analysis indicated that the enriched developmental regulators might participate in mesendoderm induction, axis formation, gastrulation, and nervous system development ([supplemental Fig. S1](http://www.jbc.org/cgi/content/full/M111.236307/DC1)), which are fully consistent with the developmental functions of Nodal signaling ([@B11], [@B45], [@B46]).

![**Functional categories and nodal-dependent regulation of Smad2 target genes.** *A,* enrichment of three GO terms among the 294 comprehensive annotated Smad2 target genes. See [supplemental Fig. S1](http://www.jbc.org/cgi/content/full/M111.236307/DC1) for the function categories among Smad2-targeted developmental regulators and see [supplemental Fig. S2](http://www.jbc.org/cgi/content/full/M111.236307/DC1) for the putative regulatory network based on the Smad2-associated transcription factors. *B,* expression profiling of 524 genes, which were covered by both promoter and expression microarrays, in *MZoep* gastrulas using significance analysis of microarray analysis. The genes were sorted by the average expression ratio and means were centered. At *right* was the enrichment log ratio of probes associated with Smad2-binding sites. Ten highly down-regulated, previously known Nodal targets were indicated. *C,* distribution of differentially expressed Smad2 targets in *MZoep* mutants compared with wild-type embryos. The *amber circle* represented Smad2 target genes, and the *brown* area indicates those with a fold change of ≥1.5 in *MZoep* embryos. *Bar plots* show number and fractions of transcripts induced (*red*) or repressed (*green*) at different fold change cutoffs. See [supplemental Table S2](http://www.jbc.org/cgi/content/full/M111.236307/DC1) for detail. *D* and *E,* expression levels of the top 15 *MZoep*-up (*D*) or *MZoep*-down (*E*) genes in wild-type or *MZoep* at the 50% epiboly stage were individually examined by quantitative RT-PCR. *Asterisks* indicated statistical significance of difference (\*, *p* \< 0.01; \*\*, *p* \< 0.001; *n* = 3). *Error bars* indicated S.D.](zbc0371173740003){#F3}

The third enriched group was transcription factors, which represented 25.2% of the comprehensively annotated Smad2 targets and were enriched nearly 7-fold over background levels ([Fig. 3](#F3){ref-type="fig"}*A*). These transcription factors and their previously identified targets could form a large regulatory network of transcription factors ([supplemental Fig. S2](http://www.jbc.org/cgi/content/full/M111.236307/DC1)). The majority of the transcription factors within the regulatory network have been found to be involved at different developmental stages in mesendoderm specification, embryonic development, and tissue and organ formation. Importantly, the regulatory network seemed to converge on certain molecules such as Pitx2, Pax6, Gata6, Hif1a, FoxH1, and Dlx5, most of which are known to be important in the interrelated developmental progressions ([supplemental Fig. S2](http://www.jbc.org/cgi/content/full/M111.236307/DC1)). Taken together, these results imply that Nodal/Smad2 signaling exerts its developmental functions through initiating a cascade of regulatory events by controlling the expression of transcription factors, signaling molecules, and developmental regulators.

We next tested whether the transcription of these targets is truly subjected to Nodal regulation in zebrafish embryos at a matched developmental stage by microarray analysis. RNAs extracted from 50% epiboly stage wild-type or *MZoep* mutant embryos, which were defective in Nodal signaling ([@B47], [@B48]), were hybridized against the Agilent Zebrafish (V2) expression microarray representing over 40,000 transcripts. Among 679 identified Smad2 target genes, 524 (77.2%) were found to be present in the expression microarray, and a large proportion of these genes displayed an altered expression level in *MZoep* embryos ([Fig. 3](#F3){ref-type="fig"}, *B* and *C*). Interestingly, 10 of 14 previously known Nodal-regulated genes were enriched in the group that was highly down-regulated in *MZoep* embryos, and their promoters were more enriched in Smad2-binding sites ([Fig. 3](#F3){ref-type="fig"}*B*), which indicated that the expression of Nodal-regulated genes correlated with the Smad2 occupancy of their promoters. By using the median false discovery rate *p* \< 0.001 and the fold change ≥1.5 as the criteria for significance, 177 (33.8%) of these Smad2 targets showed a remarkable change of expression in *MZoep* embryos ([Fig. 3](#F3){ref-type="fig"}*C* and [supplemental Table S2](http://www.jbc.org/cgi/content/full/M111.236307/DC1)), which falls into reported ranges of regulated genes by other transcription factors ([@B49], [@B50]). We further validated by quantitative RT-PCR analysis the expression of the top 15 highly up- or down-regulated genes (those 10 previously well known Nodal regulated genes were excluded) in wild-type or *MZoep* embryos. As shown in [Fig. 3](#F3){ref-type="fig"}, *D* and *E*, the transcription of these genes was up- or down-regulated in *MZoep* embryos in a way generally consistent with the expression microarray results. Taken together, these data suggest that the identified Smad2 targets are subjected to regulation by Nodal/Smad2 signaling during zebrafish embryogenesis.

#### Smad2 Is Crucial for the Mesendodermal Expression of a Subset of Target Genes in Zebrafish Embryos

Nodal and Smad2/3 signals play a pivotal role in mesendoderm induction in zebrafish ([@B4], [@B19], [@B46], [@B51]). We asked whether alterations of Smad2 activity would actually influence the expression of the identified Smad2 targets in the mesendoderm precursors located in the blastodermal margins. To address this question, we studied six genes, including *cth1, dusp1, dusp4, gata6, net1,* and *tsk,* which were selected from the identified Smad2 targets for their expression in mesendodermal precursors during early gastrulation. We demonstrated that down-regulation of Nodal signaling by treating 16-cell embryos with 75 μ[m]{.smallcaps} of SB431542, an inhibitor of Nodal receptor ([@B52]), led to dramatic reduction of *cth1*, *dusp4*, *net1,* and *tsk* expression and moderate reduction of *dusp1* and *gata6* in the blastodermal margins at the 50% epiboly stage ([Fig. 4](#F4){ref-type="fig"}*A*). Similarly, interfering with endogenous Smad2/3 activity by injecting dnsmad2 mRNA coding for a dominant negative form of Smad2 ([@B19]) decreased the expression of all of these genes in the blastodermal margins at varying degrees ([Fig. 4](#F4){ref-type="fig"}*B*). We confirmed that the promoter regions of all of these genes were bound by endogenous Smad2 as detected by ChIP site-specific PCR analysis ([Fig. 4](#F4){ref-type="fig"}*C*). These results suggest that Smad2 directly regulates the expression of a subset of genes in mesendoderm precursors at the onset of gastrulation.

![**Nodal/Smad2/3 signals regulate the mesendodermal expression of a subset of Smad2 target genes.** *A,* embryos were treated with DMSO or 75 μ[m]{.smallcaps} SB431542 at the 16-cell stage and harvested at the 50% epiboly stage for *in situ* hybridization with the indicted antisense probes. The ratios of affected embryos are indicated. *B,* embryos injected with 475 pg of *dnsmad2* mRNA at the one-cell stage and harvested at the 50% epiboly stage for *in situ* hybridization. Embryos in *A* and *B* were animal-pole views with dorsal to the right. *C,* enrichment of SBRs in the promoters of indicated genes was detected in chromatin immunoprecipitates using the Smad2/3 antibody. 1/5× titration of input chromatin DNA was amplified by PCR as a positive control.](zbc0371173740004){#F4}

#### Spatiotemporal Regulation of efnb2b Is Directly Controlled by Smad2/4-binding Motif in the SBRs

To exemplify the roles of SBRs in regulating gene expression, we fully investigated the transcription control of zebrafish *ephrin B2b* (*efnb2b*) ([@B53]), which has been previously identified as a Nodal-regulated gene in a microarray analysis ([@B22]) and shown to be a direct Smad2 target gene in this study. The SBR representing *efnb2b* possesses one CAGACCAGAC motif consisting of two successive CAGAC boxes and one upstream adjacent FoxH1-binding motif (CAATACACAA) and is located 2032 bp upstream of the transcription start site ([Fig. 5](#F5){ref-type="fig"}*A*). Then a 3060-bp promoter region upstream of the *efnb2b* translation start site was amplified and fused to green fluorescent protein (GFP) to make the transgenic construct efnb2b-GFP. The embryos injected with efnb2b-GFP DNA showed mosaic GFP expression obviously in blastodermal margins and the embryonic shield at the shield stage, the presomitic mesoderm at the bud stage, and head at 24 h post-fertilization ([Fig. 5](#F5){ref-type="fig"}, *B* and *D*), which were largely similar to the endogenous expression pattern of *efnb2b* ([Fig. 5](#F5){ref-type="fig"}*C*) ([@B53]). Importantly, the reporter expression was obviously enhanced by co-injection of *sqt* or *casmad2* mRNA but almost eliminated by injection of *lefty1* (antagonist of Nodal signals) or *dnsmad2* mRNA ([Fig. 5](#F5){ref-type="fig"}, *D* and *E*), which suggest that the 3060-kb *efnb2b* promoter contains Nodal/Smad2-responsible elements.

![**Smad2 regulates the spatiotemporal expression of *efnb2b* gene.** *A,* illustration of efnb2b-GFP construct. The putative FoxH1- and Smad2/Smad4-binding motifs are located in the SBR of the *efnb2b* promoter. *B,* superimposed fluorescent images of living-shield stage and 24-h post-fertilization (*24hpf*) embryos injected with 100 pg of efnb2b-GFP construct at the one-cell stage. *C,* expression pattern of *efnb2b* at indicated stages, detected by *in situ* hybridization. *D* and *E,* dark field (*upper panel*) or superimposed (*lower panel*) fluorescent images of living bud-stage embryos injected with 100 pg of efnb2b-GFP construct at the one-cell stage following injection of 0.5 pg *sqt,* 90 pg *lefty1*, 110 pg *casmad2,* or 475 pg *dnsmad2* mRNA. The ratios of embryos with fluorescence similar to the shown picture are indicated. *F,* gel shift image showing the protein complex formation on the labeled Smad2/4-binding sequence in the *efnb2b* promoter. The ^32^P-radiolabeled probes were incubated with cell lysates of zebrafish 50% epiboly embryos that were uninjected or injected with 0.5 pg of *sqt* mRNA at the one-cell stage. Note the existence of *sqt*-enhanced complexes (*SEC*) and of a supershift band following addition of Smad2/3 antibody. *UIC*, uninjected embryo control. *G,* gel shift image showing that purified GST-Smad4 specifically bound to the labeled wild-type probe. *H,* superimposed fluorescent image of living bud-stage embryos injected with 100 pg of efnb2b(mut)-GFP construct at the one-cell stage. No fluorescence was detected even if *casmad2* mRNA was co-injected.](zbc0371173740005){#F5}

Next, we tested whether Smad2 could form complexes on the *efnb2b* promoter region consisting of the putative FoxH1- and Smad2/4-binding motifs. For electrophoretic mobility shift assays (EMSA), synthetic double-stranded 45-bp oligonucleotides (5′-GTTTTGAC**CAATACACAA**TTGATTTCG[CAGACCAGAC]{.ul}GATGAAAG-3′, boldface is for the FoxH1 site and underline is for Smad2/4 motif), which was derived from the *efnb2b* promoter region, as well as its mutant form (5′-GTTTTGACCAATACACAATTGATTTCGCA[A]{.ul}ACCA[A]{.ul}ACGATGAAAG-3′, two substituted bases are underlined), were radiolabeled and incubated with protein extracts from the 50% epiboly stage wild-type or *sqt*-injected embryos. The native gel electrophoresis revealed the existence of a band representing *sqt*-enhanced complexes during probe migration, which was strongly enhanced by *sqt* overexpression ([Fig. 5](#F5){ref-type="fig"}*F*). Importantly, the addition of the Smad2/3 antibody to the incubation mixture resulted in the appearance of a supershift band, indicating that Smad2 was associated with the wild-type probe. Using purified GST-Smad4 protein for EMSA, we found that Smad4 also bound to the wild-type but not mutant probe ([Fig. 5](#F5){ref-type="fig"}*G*). Thus, both Smad2 and Smad4 are components of the transcription complex forming on the CAGACCAGAC motif of the *efnb2b* promoter.

To further clarify the importance of the CAGACCAGAC motif of the *efnb2b* promoter for transcription, we generated an efnb2b(mut)-GFP construct by mutating the CAGACCAGAC motif (to CAAACCAAAC) of the construct efnb2b-GFP. Injection of efnb2b(mut) into zebrafish embryos failed to confer GFP expression even if *casmad2* mRNA was co-injected ([Fig. 5](#F5){ref-type="fig"}*H*). This suggests that the identified CAGACCAGAC motif is essential for the *efnb2b* promoter activity.

#### Smad2/4-binding Motif Clusters with Other Important Regulatory Sites

The transcription complexes forming on a gene promoter usually consist of dozens of factors to initiate and maintain gene transcription. We suspected that the identified SBRs might contain, apart from the consensus Smad2/4-binding motif CAG(A/C)C, the binding motifs of other transcription factors that might function together with Smad2 in development. By searching TRANSFAC and JASPAR, we found 95 enriched binding motifs (*Z* ≥10, *p* \< 0.01) of diverse transcription factors around the consensus Smad2/4-binding motifs ([supplemental Table S3](http://www.jbc.org/cgi/content/full/M111.236307/DC1)), and the identified enriched motifs with top emergence frequency (emergence frequency ≥20%) in the 200-bp peaks containing the Smad2/4-binding motif are shown in [Table 1](#T1){ref-type="table"}. One of enriched motifs with top emergence frequency within 100 bp from the Smad2/4-binding motif was the FoxH1/Fast1-binding motif AAT(C/A)(A/C)ACA ([@B38], [@B54]), which normally interacts with Smad complexes to transduce Activin/Nodal signals during early embryonic development ([@B43], [@B55]). For example, the first intron of *sqt* or *lim1/lhx1a* holds an SBR containing one or two adjacent FoxH1- and Smad2/4-binding motifs, respectively ([Fig. 2](#F2){ref-type="fig"}, *B* and *C*); the identified SBR of *efnb2b* also contained FoxH1- and Smad2/4-binding motifs in tandem ([Fig. 5](#F5){ref-type="fig"}*A*). The other enriched binding sites with top emergence frequency included those for FAC1, T-cell factor/lymphoid enhancing factor (Tcf/Lef), Sox9, Evi1, Pax6, Gata1, and so on ([Table 1](#T1){ref-type="table"}), which have also been found to cooperate with Smad signaling to regulate gene expression ([@B32], [@B56], [@B57]). Taken together, we propose that cooperative control of gene expression by Smad2 and other transcription factors can be accomplished by gathering their binding sites in the gene promoters.

###### 

**Identification of other transcription factor binding motifs co-enriched with Smad2/4-binding motif in SBRs**

DNA sequences of 100 bp far from the Smad-binding motifs were analyzed, and the 200-bp sequences upstream of the TSS of zebrafish Refseq mRNA were chosen as the control set. The enriched motifs with top emergence frequency (≥20%, *Z* ≥10, and *p* \< 0.01) are shown. The factors that are previously known to interact with Smad proteins are written in boldface. All the enriched motifs (*Z* ≥10, *p* \< 0.01) are shown in [supplemental Table S3](http://www.jbc.org/cgi/content/full/M111.236307/DC1).

  Factors     Emergence frequency   Factors     Emergence frequency
  ----------- --------------------- ----------- ---------------------
              \%                                \%
  **FAC1**    42.09                 Gata2       23.28
  Oct1        36.69                 Gfi1        23.09
  Crx         31.66                 **Gata3**   23.09
  **Sox9**    30.17                 Pitx2       23.09
  **Foxh1**   30.17                 Nkx2.2      23.09
  **Lef1**    29.61                 DBP         23.09
  **Evi1**    27.37                 **Foxp3**   22.91
  **Pax6**    26.63                 AIRE        22.91
  **Gata1**   26.26                 MRF2        22.53
  **Pdx1**    26.26                 **NF-AT**   21.97
  **AP3**     25.33                 **Fos**     21.04
  **Tlx-2**   24.95                 Helios A    20.67
  **BRCA1**   24.39                 Pbx1        20.30
  Gata6       23.46                 **YY1**     20.11

#### Smad2 Cooperates with Maternal β-Catenin to Regulate Dorsal Gene Expression

Tcf/Lef factors function as a cofactor of β-catenin in the nucleus ([@B58]), and maternal β-catenin plays a central role in the formation of the dorsal organizer in vertebrate embryos ([@B59]--[@B62]). Given that the Tcf/Lef1-binding motif and the Smad2/4-binding motif are clustered in a subset of the identified Smad2 targets, we asked if the expression of the Smad2 targets in the embryonic shield (zebrafish dorsal organizer) was coordinately regulated by β-catenin and Smad2. We tested two of the identified Smad2 target genes, *arl4l* and *lefty1*, which are expressed in the dorsal margin during gastrulation. The promoters of *arl4l* and *lefty1* contain a Smad2/4-binding motif and a nearby Tcf/Lef1-binding motif, which are conserved in three fish species ([Fig. 6](#F6){ref-type="fig"}*A*). The corresponding promoter regions of both genes in early gastrulas could be immunoprecipitated using the anti-Smad2/3 antibody ([Fig. 1](#F1){ref-type="fig"}*E*). Furthermore, an *in vitro* pulldown assay demonstrated that Smad2 could be pulled down by these putative Smad2/4-binding motifs, which was enhanced by co-expression of Smad4 ([Fig. 6](#F6){ref-type="fig"}*B*). Furthermore, the corresponding promoter regions of both genes could also be immunoprecipitated by an anti-β-catenin antibody ([Fig. 6](#F6){ref-type="fig"}*C*), suggesting that Smad2 and β-catenin/Tcf/Lef could reside in the same transcription factor complexes. The overexpression of Δ*N*-β-catenin mRNA, which encodes an activated form of β-catenin ([@B63]), or *casmad2* mRNA led to enhanced or even ectopic dorsal expression of *arl4l* and *lefty1* at the 30% epiboly and the shield stages ([Fig. 6](#F6){ref-type="fig"}, *D* and *E*). When Δ*N*-β-catenin/*dnsmad2* or *casmad2*/Δ*N-tcf3* (encoding a dominant negative form of Tcf3) were co-injected or Δ*N*-β-catenin injection was combined with SB431542 treatment, however, the expression of *arl4l* and *lefty1* in the dorsal margin was inhibited ([Fig. 6](#F6){ref-type="fig"}, *D* and *E*), suggesting an interdependence of Tcf/Lef factors and Smad2. These results indicate that Smad2 and β-catenin can coordinately regulate the dorsal expression of the target genes by binding to the neighboring Smad2- and Tcf/Lef-binding motifs in the promoters during embryogenesis.

![**Smad2/4- and Tcf/Lef-binding motifs in SBRs co-regulate expression of *arl4l* and *lefty1* in early gastrulas.** *A,* sequence alignments of putative Smad2/4- and Tcf/Lef-binding motifs of *arl4l* and *lefty1* from different species. *B,* Smad2 binds to the Smad2/4-binding motifs via Smad4. HEK293 cells were transfected with expression plasmids as indicated and treated with TGF-β1 (5 ng/ml) for 2 h. The cell lysates were harvested for oligonucleotide precipitation assays with the biotin-labeled double-stranded oligonucleotides corresponding to the Smad2/4-binding motifs of *arl4l* and *lefty1* promoters. The oligonucleotide (*oligo*) sequences are described under "Experimental Procedures." DNA-bound Smad2 (*top*) and total protein levels (*bottom*) were analyzed using anti-Smad2/3 and anti-Myc immunoblotting, respectively. *WB*, Western blot; *WCL*, whole cell lysate. *C,* sequences containing the putative Smad2/4- and Tcf/Lef-binding motifs in the *arl4l* and *lefty1* promoters were enriched in chromatin immunoprecipitates with anti-β-catenin antibody. 1/5× titration of input chromatin DNA was PCR-amplified as a positive control. For the affinity and specificity of the anti-β-catenin antibody, see [supplemental Fig. S4](http://www.jbc.org/cgi/content/full/M111.236307/DC1). *D* and *E,* embryos injected with indicated mRNAs at the one-cell stage and harvested at the 30% epiboly or shield stage for *in situ* hybridization to detect alteration of *arl4l* (*D*) and *lefty1* (*E*) expression. The indicated embryos were treated with 75 μ[m]{.smallcaps} SB431542 at the 16-cell stage. Injection doses are as follows: Δ*N-*β*-catenin*, 120 pg; *lefty1*, 90 pg; *dnsmad2*, 475 pg; *casmad2*, 110 pg; Δ*N-tcf3*, 100 pg. *arl4l,* dorsal views with animal pole to the top; *lefty1, top panel*, animal-pole view with dorsal to the *right*, and *lower panel*, dorsal views with animal pole to the top.](zbc0371173740006){#F6}

#### Oct1 and Gata6 Affect Mesendoderm Induction by Interacting with Smad2

We noted a high emergence frequency for binding motifs of the transcription factors Oct1/Pou2f1, Crx, BRCA1, and Gata6 ([Table 1](#T1){ref-type="table"}). Because these factors have not been found previously to interact with Smad2/3 in transcriptional regulation, we decided to investigate their interaction with Smad2. Because zebrafish *crx* is not expressed before midsegmentation periods ([@B64]) and the zebrafish *brca1* gene has not been identified, we paid attention to *oct1*, which is ubiquitously expressed during early embryogenesis ([@B65]), and *gata6,* which is expressed in the blastodermal margin and the shield ([@B66]). We first inspected physical interactions of Oct1 or Gata6 with Smad2 by GST pulldown assay. FLAG-tagged zebrafish Oct1 (FLAG-Oct1) or Gata6 (FLAG-Gata6) was detected in GST-captured zebrafish Smad2 (GST-Smad2) co-expressed in HEK293T cells ([Fig. 7](#F7){ref-type="fig"}*A*). We then overexpressed FLAG-tagged zebrafish Oct1 or Gata6 by injecting their mRNAs into embryos. The endogenous Smad2 was also able to be co-immunoprecipitated by the overexpressed Oct1 and Gata6 ([Fig. 7](#F7){ref-type="fig"}*B*). All these data suggest a physical interaction of Oct1 or Gata6 with Smad2. We next investigated the effect of Oct1 and Gata6 on Smad2 transcriptional activity using the TGF-β-responsive activin-response element (ARE)-luciferase reporter ([@B67]). Transfection of Oct1 into HaCat cells significantly promoted TGF-β-induced expression of the ARE-luciferase reporter, and co-transfection of Oct1 and Smad2 further enhanced the reporter expression ([Fig. 7](#F7){ref-type="fig"}*C*). It is apparent that Oct1 binds to and enhances the transcriptional activity of Smad2. In contrast, Gata6 was found to attenuate TGF-β and/or Smad2-stimulated expression of the ARE-luciferase reporter ([Fig. 7](#F7){ref-type="fig"}*D*), suggesting an inhibitory effect on Smad2 transcriptional activity.

![**Oct1 and Gata6 associate with and regulate transcriptional activity and function of Smad2.** *A,* physical interaction of Oct1 or Gata6 with Smad2. GST-Smad2 or GST plasmid along with FLAG-Oct1 or FLAG-Gata6 expression plasmids were transfected into HEK293T cells. At 48 h post-transfection, the cells were harvested for GST affinity purification. Smad2-associated Oct1 or Gata6 was detected by Western blotting using anti-FLAG antibody. The amount of individual proteins in the whole cell lysates (*WCL*) was assessed by Western blotting (*WB*) using corresponding antibodies. *B,* endogenous Smad2 co-immunoprecipitated with overexpressed Gata6 and Oct1. Embryos injected with FLAG-Oct1 or FLAG-Gata6 mRNA were collected at the 50% epiboly stage for co-immunoprecipitation using anti-FLAG antibody. FLAG-Oct1- or FLAG-Gata6-associated endogenous Smad2 was detected by Western blotting. *C* and *D,* effect of Oct1 (*C*) or Gata6 (*D*) on ARE-luciferase reporter expression. HaCat cells were co-transfected with ARE-luciferase and various expression plasmids as indicated and were treated or not treated with TGF-β1 (5 ng/ml) for 16 h before harvesting for luciferase assay. *Error bars* indicated S.D. *E* and *F, oct1* or *gata6* regulation of the mesodermal marker *ntl* (*E*) and the endodermal marker *sox32* (*F*). Embryos were injected individually with *casmad2*, *oct1,* or *gata6* mRNA at a dose of 110, 130, or 200 pg, respectively, or injected in combination, at the one-cell stage, and harvested at shield stage for *in situ* hybridization. Embryos in *E* were animal-pole view with dorsal to the *left*; embryos in *F* were lateral views with dorsal to the *right* and animal pole at *top*.](zbc0371173740007){#F7}

Next, we briefly examined the potential cooperation of Oct1, Gata6, and Smad2 in mesendoderm induction of zebrafish embryos. The overexpression of *oct1* enhanced *casmad2*-induced expression of the mesoderm marker *ntl* and the endoderm marker *sox32* at shield stage, although oct1 overexpression alone did not obviously increase these marker expressions ([Fig. 7](#F7){ref-type="fig"}, *E* and *F*). In contrast, *gata6* overexpression alone inhibited *ntl* and *sox32* expression, and its co-overexpression with *casmad2* compromised *casmad2*-induced *ntl* and *sox32* expression ([Fig. 7](#F7){ref-type="fig"}, *E* and *F*). These results for the first time indicate that Oct1 cooperates with Smad2 to promote mesendodermal induction, whereas Gata6 inhibits mesendodermal induction by Smad2 signaling.

DISCUSSION
==========

Nodal signals are essential for mesendoderm induction during early development of vertebrate embryos. Smad2 and Smad3 are well known effectors of Nodal signals. Although the genome-wide analyses of Smad2/3-binding sites in HaCaT keratinocytes and mouse ES cells are previously reported ([@B68], [@B69]), the mechanisms of Nodal signaling acting through Smad2/3 targets during early embryonic development remain largely unclear. Upon the availability of an antibody recognizing zebrafish Smad2, in this study we successfully performed ChIP-chip assay in zebrafish gastrulas to identify direct targets of Nodal/Smad2 signals at the genome-wide level. We identified 679 Nodal/Smad2 targets whose promoter sequences are occupied by Smad2 at the 50% epiboly stage. These Smad2 targets are enriched in transcription factors, signaling molecules, and developmental regulators. Within the Smad2-bound regions of the target genes, the Smad2/4-binding motif CAG(A/C)C frequently clusters with the binding sites of other transcription factors, allowing cooperative regulation of mesendoderm induction by Smad2 and other factors. Gene expression profiling using microarray analysis at the matched developmental stage revealed that a subset of Smad2 targets is obviously up- or down-regulated by Nodal signaling. Thus, we provide a reservoir of Nodal/Smad2 targets for further elucidating mechanisms of Nodal/Smad2/3 functions in early development of vertebrate embryos.

Our ChIP-chip analysis initially identified 556 SBRs in the genome of zebrafish 50% epiboly embryos. Some of these SBRs are located in the intergenic regions, implying that one SBR may regulate the transcription of both genes located on either side. Therefore, the identified SBRs are subsequently mapped to the promoter regions of 679 genes, and these genes are believed to be Smad2 targets. Most of SBRs contain at least one consensus Smad2/4-binding motif. The Smad2/4-binding motifs present in the target gene promoters are frequently found to cluster with the binding sites of other transcription factors such as FoxH1 and Tcf/Lef, which have been shown to cooperate with the Smad2/3 proteins in regulating the transcription of target genes. More importantly, the genome-wide identification of SBRs opens up the possible roles of other regulatory factors in Nodal/Smad2-regulated transcription and developmental processes. As demonstrated in this study, the binding motifs for Oct1 and Gata6 are significantly enriched in SBRs, which predicts their potential implications in Nodal/Smad2/3-regulated developmental processes. Our brief analyses demonstrate that Oct1 indeed physically associates with Smad2 and promotes Smad transcription activity and function in mesendodermal induction. In contrast, Gata6 interacts with Smad2 and inhibits transcription activity and mesendoderm induction activity of Smad2.

Many of the identified Smad2 targets in this study are transcription factors, signaling molecules, and developmental regulators. This fact agrees with the roles of Nodal signals in mesendoderm induction and patterning during late blastulation and early gastrulation ([@B11], [@B45], [@B46]). The identified Smad2 targets may act to relay Nodal/Smad2/3 signals to control the cell fates in early embryos. The functions of individual targets in embryonic development can be investigated in the future. Those targets can also be used as markers to investigate the timing and magnitude of Nodal/Smad2/3 signaling during embryonic development. For example, our previous study has demonstrated that maternal TGF-β/Nodal signals may be activated immediately after fertilization in zebrafish embryos ([@B52]), which conflicts with the classic view that zygotic gene transcription occurs at the midblastula transition ([@B70]). The timing of Smad2 occupancy on the promoters of the identified Smad2 target genes would provide evidence for the timing of Nodal/Smad2 signal activation.

Expression microarray analysis revealed that 177/524 of Smad2 targets showed an altered expression level in the 50% epiboly *MZoep* mutant embryos that are defective in Nodal signaling ([@B47], [@B48]). The expression level of the other Smad2 targets is not significantly changed in *MZoep* mutants probably because of the following: (*a*) their subtle changes in spatial pattern without alteration of overall transcript amount are unable to be detected by expression microarray analysis; (*b*) their expression changes might be more obvious at certain developmental stages. Other studies also note that only a fraction of targets identified by ChIP-chip is regulated by the corresponding factors as assayed by microassay expression profiling ([@B49], [@B50]). Nevertheless, the identified Smad2 targets could be useful subjects for other studies related to TGF-β signaling and functions.
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